We report the first systematic investigation into the properties of ultraviolet-laser-induced periodic surface structures that can be produced on nominally smooth surfaces. The study investigates the dependence of the patterns that are produced on Ge and Al by a KrF 249-nm laser on incident fluence and both the polarization and angle of incidence of the light. At high Auence we show that the results are consistent with the assumption that the surface melts uniformly, whereas the patterns formed at low Auence can be explained on the basis of the localized melting of the surface. For P-polarized light we find two dominant patterns, one perpendicular to the polarization and one parallel to it. For S-polarized light we report the first observation of two new patterns, one parallel and one perpendicular to the polarization, of which the latter is explained by invoking a new formation mechanism. The results show that for P-polarized light at large angles of incidence the ripple spacing shows large deviations from its previously expected value. The results are shown to be in excellent agreement with a previously developed first-principles theory. In addition, we report surface structures that are consistent with the idea of capillary waves being launched and subsequently frozen on the surface of the material.
I. INTRODUCTION
Many workers have observed the phenomenon of laser-induced periodic surface structures (LIPSS), i.e. , gratinglike patterns induced on the surface of materials due to the incident laser radiation (see Fig. l, for example). The effect first reported by Birnbaum' has usually been observed using high-power pulsed lasers, although in notable cases, a low-power cw beam was used.
Most of the work has been performed on semiconduc- Fig. 3 . Graphs of the efficacy factor, tI(k, kp), as a function of k, angle p, and angle of incidence for various materials were plotted for both S-and P-polarized light . In these calculations a complex refractive index' (n, ) of 4 0+F0 1(a. t. (Fig. 4) Fig. 1. Figure 2 shows that the ripple spacing varies in the vertical direction, being largest at the bottom of the picture which is nearest to the center of the excimer beam than at the top where the spacing is somewhat less. The e8'ect is attributed to the variation in the optical constants of Ge with temperature. Since the morphology of the ripples remains the same as the spacing varies, it is our contention that all these ripples were formed by localized (inhomogeneous) melting ( and subsequent resolidification) but with the surface fields being initiated at different temperatures. Since Ge is a semiconductor, its optical constants will have a very strong temperature dependence, becoming more metallic as the temperature increases due to the increasing number of conduction-band electrons. This variation in the optical constants manifests itself as a variation in the wavelength of the surface fields which, when they interfere, result in a slight variation in the separation of the peaks and hence in ripple spacing. Calculations of the efTicacy factor of Cxe as its dielectric constant becomes more negative, i.e. , metallic, show that the predicted ripple spacing increases slightly in agreement with the aforementioned proposal.
The broad near sinusoidal fringes such as those observed on the right-hand side of Fig. 1 were formed on a uniformly melted surface as a result of the freezing in of surface-plasmon-generated capillary waves (LICW). The spacing of the structures will be determined by the surface plasmon generated on a molten Ge surface. Calculations of the peak in the efficacy factor (i.e. , the induced surface plasmon) using estimates ' of the complex refractive index of liquid Ge in the uv based on a free-electron model yield ripple spacings in good agreement with experiment (Table II) .
B. LIPSS b ripples
The origin of the well-defined large-spacing b-type fringes that occur with S-polarized light was initially unclear. Calculations of g for P angles of 85' -90' using different values of the shape (s), filling factors (f), and optical constants failed to reveal peaks at the extremely small k values that these widely spaced ripples correspond to. However, for /%90' the efficacy factor has two closely spaced peaks. Figure 6 (c) shows rI for S-polarized light incident on Ge at 70 for /=87', with peaks at 0.3 and 0.39k. We suggest that the "waves" corresponding to these peaks "interfere" or beat with each other to give the observed ripples. Figure 6(d) shows the positions on a surface at which the peaks in g would individually predict surface melting.
The peaks at 0.3 and 0.39k correspond, respectively, to spacings of 0.83 and 0.638 pm as shown in the diagram. If the "waves" start at the same point, the location of the melting is usually different for each wave, but it is possible that after a sufficient number of periods (which will be different for each wave) the melt locations will once more overlap. In the case shown this occurs after 10 periods of the 0.3k wave, i.e. , 8.3 pm, which corresponds exactly to 13 periods of the 0.39k wave. Hence, every 8.3 pm the amount of melting (to first order) will be doubled. On a shot-to-shot basis it does not seem unreasonable to argue that due to this increased melting, more of the incident energy is coupled into these areas than into the areas where the melting is due to only one wave. Thus after multiple shot irradiation the most likely structures to have formed are those with a spacing corresponding to the distance between the points of double melting. Reference to Fig. 5(c) Figure 4 shows that at the energies used, the maximum time that the Al surface (melting point 660'C) is molten is 200 ns but that further out towards the 1/e points the surface may only be molten for some tens of ns or less. 
